Motivation: DNA assembly programs classically perform an allagainst-all comparison of reads to identify overlaps, followed by a multiple sequence alignment and generation of a consensus sequence. If the aim is to assemble a particular segment, instead of a whole genome or transcriptome, a target-specific assembly is a more sensible approach. GenSeed is a Perl program that implements a seed-driven recursive assembly consisting of cycles comprising a similarity search, read selection and assembly. The iterative process results in a progressive extension of the original seed sequence. GenSeed was tested and validated on many applications, including the reconstruction of nuclear genes or segments, full-length transcripts, and extrachromosomal genomes. The robustness of the method was confirmed through the use of a variety of DNA and protein seeds, including short sequences derived from SAGE and proteome projects.
INTRODUCTION
DNA sequencing has become a mainstream and high-throughput technique to unravel the complexity of the genome of living organisms. More than 1800 eukaryotic and prokaryotic genomes are already complete, in draft stage or in sequencing progress (Wheeler et al., 2007, NCBI' s Entrez Genome Project at http://www. ncbi.nlm.nih.gov/genomes/static/gpstat.html). Another approach for rapid gene surveys is expressed sequence tag (EST) sequencing, a random single-pass sequencing of cDNAs. As of November 2007, dbEST (release 113007) comprised more than 47 million entries from over 1400 organisms (Source: NCBI's dbEST). This enormous production of sequencing data has not been accompanied by the simultaneous organization of this fragmentary data. Hence, many genome sequencing projects only provide partially assembled data or even unassembled sequences. Similarly, ESTs are frequently * To whom correspondence should be addressed. available in highly redundant databases that have not been submitted to a transcript reconstruction process.
Many biological questions rely on simple molecular targets, and reconstruction of specific sequences is a very common requirement. For those organisms whose genomes or transcriptomes are already assembled, finding a specific region or coding sequence is an easy task through similarity searches using programs such as BLAST . Conversely, for those organisms whose sequencing data is still fragmentary, whole genome/transcriptome assembly may be required. Most of the currently available DNA assembly programs such as Phrap (P. Green, unpublished data) and CAP3 (Huang and Madan, 1999) use the overlap-layoutconsensus approach. Briefly, the process starts with an all-versus-all comparison of the reads to determine all overlaps among reads and to compute a graph structure. In the layout phase, the graph is simplified by redundancy elimination, and a layout consisting of the relative position of the reads is established. Finally, the program builds a multiple sequence alignment from which a consensus sequence is derived. This computational approach is highly demanding in terms of allocated memory and processing capacity, and may become unfeasible for most research groups if large databases (hundreds of thousands of sequences) are used. This problem, and the lack of appropriate programs to reconstruct specific loci or transcripts, motivated us to develop a novel method for the target-specific assembly of DNA sequences. This article introduces the seeddriven progressive assembly method, a robust and reliable approach to reconstruct specific sequences from unassembled data, starting from short nucleotide or protein seed sequences. We also describe GenSeed, an open-source Perl program that fully implements this method. A broad set of possible applications is presented with real-life examples and extensive validation tests.
ALGORITHM AND IMPLEMENTATION
We developed an algorithm to perform a seed-driven recursive assembly of DNA sequences. The method is based on the iterative selection and assembly of sequences overlapping the ends of a starting sequence, referred from now on as the seed sequence. In order to test and validate the algorithm, we developed GenSeed, an open-source Perl program. The software performs a similarity search of the seed sequence against an unassembled database, and selects reads that present overlaps and therefore extend the ends of this seed. The reads are then assembled together with the seed itself, resulting in a longer consensus sequence. The ends of this longer sequence are in turn used in a subsequent walking round, and the process is iterated a number of times, resulting in a progressive extension of the original seed sequence. GenSeed accepts either nucleic acid or protein sequences in FASTA format as seeds (Fig. 1A) . In principle, there is no restriction to the seed length, and as we will demonstrate in the validation section, even very short sequences such as 14-base serial analysis of gene expression (SAGE) tags and 8-residue proteomic data can be successfully used for sequence reconstruction. We recommend avoiding low-complexity regions in the seed sequences, as they could recruit physically unrelated sequences. Any set of multiple nucleotide sequences in FASTA format can be used to compose a database, with no trace files or quality values being required or used (Fig. 1B) . GenSeed invokes formatdb, a program from the BLAST package that generates index files from the database. A nucleotide sequence seed is then submitted to a BLASTN similarity search against the database (Fig. 1C) .
In the case of a protein seed, GenSeed automatically recognizes its character and runs a TBLASTN search against the database. The positive reads are then retrieved using fastacmd, another BLAST package program that fetches sequences in a very rapid way using the database index files. The sequences can then be masked against a database of vectors using Cross_match (P.Green, unpublished data), and finally assembled with CAP3. The assembly output files are checked to identify which contig contains the original seed sequence, and the respective consensus is stored. In order to save computational resources, GenSeed does not use the whole consensus sequence as a seed for the next round. Instead, the user can define the size of the sequence ends that will be used as seeds for the subsequent round. From the second round on, the assemblies are carried out using all positive hits selected at that round, plus the whole consensus sequence generated in the previous one.
An additional procedure is executed to prevent the incorporation of potential chimeric sequences in each round. All positive reads selected to extend a sequence end are submitted to a similarity search against the whole consensus sequence of the previous round. A read is considered a potential chimera if the alignment does not extend either to the end of the consensus sequence or to the end of the read itself. The assembly then proceeds with the reads that fulfilled the criteria described earlier. All positive reads are fetched and assembled, and the resulting consensus is then used in the further cycles. The iterative process (Fig. 1C) is concluded at the exhaustion of the process, as detected either by the absence of further extending reads in the database, or by no increase of the sequence length in two successive rounds. Alternatively, the user can also define two additional criteria to finish the walking process: the maximum number of rounds and maximum length of the reconstructed sequence. At the end of the walking process, GenSeed executes a final assembly step ( Fig. 1D) , where all reads recruited during the several cycles are used, together with the consensus sequence generated in the last round, thus generating a final reconstructed sequence that is stored. Also, some files of the intermediate steps can GenSeed automatically detects the type of biological sequence (A) used as a seed and (B) formats, if necessary, a database FASTA file to generate BLAST index files. The seed sequence is introduced into a seed-driven assembly iterative process (C), which shortly consists in a similarity search, sequence retrieval and assembly. The walking process is concluded when a finishing criterion is fulfilled (see text for details). All reads selected during the walking cycles are then assembled and the reconstructed sequence is stored (D). be stored, including the BLAST output files, CAP3 assembly files and consensus sequences of all rounds. Finally, GenSeed produces HTML report files which list all reads incorporated in each round, the corresponding consensus sequences, and display a schematic view of the progressive sequence reconstruction (Fig. 2) .
RESULTS AND VALIDATION
The seed-driven assembly method can be used in a variety of applications. In order to validate the method, we tested the ability of GenSeed program to reconstruct sequences using real-life data. The accuracy of the assemblies was checked through similarity searches against the original publicly available sequences. All tests were carried out in a PC (2.8 GHz Dual-Xeon CPU) with 3 GB of RAM running Linux. Tutorials containing detailed instructions for each application, and the respective datasets and expected results, are available on the program's website. This Supplementary Material allows the reader to run and reproduce all experimental tests described subsequently. 
Reconstruction of a gene or genomic segment using a nucleotide or protein sequence seed
In our first test, a 140-bp DNA sequence from the glyceraldehyde 3-phosphate dehydrogenase GAPDH of Campylobacter jejuni (accession code AL111168, region 1337856-1337995) was used as a seed. The database comprised a total of 33 708 shotgun reads of C.jejuni NCTC 11168 genome (available in October 2007 at ftp://ftp. sanger.ac.uk/pub/pathogens/cj/). We performed five walking rounds to obtain a reconstructed sequence of 4928 bp, deduced from 67 selected reads ( Fig. 2 ; see also Tutorial 1 in the program's website). This sequence was submitted to a similarity search against the assembled genome, resulting in a single alignment block of 4919 matches in 4930 bp (99% identity). The reconstructed region covered in total six full-length protein-coding genes (accession codes NP_282542 to NP_282547), including the GAPDH. In a second experiment, we used as a seed a 25 amino acid region derived from the 140-bp fragment. GenSeed reconstructed a sequence 100% identical to the one reconstructed with the DNA seed.
cDNA reconstruction using a nucleotide or protein sequence seed
To validate GenSeed's ability to reconstruct full-length cDNAs, we downloaded a Toxoplasma gondii database of 129 421 unclustered EST sequences from the NCBI site ( http://www.ncbi.nlm.nih.gov). We used both 100-bp DNA and 33-aa protein seed sequences from three different genes: pyruvate kinase (accession code AB050726.1, region 1051-1150), microneme protein 7 (AF357911.1, region 501-600) and the surface antigen glycoprotein 3 gene (SAG3) (accession code AY187280.1, region 531-630). GenSeed succeeded in reconstructing all cDNAs using either nucleotide or protein seed sequences (see Tutorial 2 in the program's website).
Another envisaged application of GenSeed is the cDNA reconstruction using orthologous protein seeds. To test this possibility, we used a 22-aa seed (determined in our laboratory) from a sugar transporter protein of Eimeria tenella, a coccidian parasite which is closely related to T.gondii. As a database, we used the same EST set described earlier. Due to the heterologous character of the seed, we used less stringent alignment parameters. At the end of the process, we were able to reconstruct a full-length cDNA of 2 906 bp (see Tutorial 2), coding for a 568-aa facilitative glucose transporter of T.gondii (accession code AAM69350).
cDNA reconstruction using proteomic data
Proteomic data is generally composed by many short peptide sequences. Bradley et al. (2005) described a set of 100 peptide tags derived from 51 gel slices of separated rhoptry proteins of T.gondii, varying from 7 to 35 amino acid residues. We decided to use these tags as seeds against the T.gondii EST database described earlier (see item 3.2), in order to evaluate GenSeed's ability to use proteomic data for cDNA reconstruction. In 49 cases, there were two peptide sequences for each gel slice, and they were used simultaneously as multiple seeds. Interestingly, in those cases where the two seeds sequences were present in the cDNA, each separate seed was also able to generate the same transcript sequence (see Tutorial 3). In total, GenSeed was able to reconstruct 45 cDNAs (see Supplementary Material in the program's website). From this set, 24 cDNAs contained both seeds at the final assembled sequence, and 21 cDNAs contained only one seed. In two cases where a pair of seeds was used, each seed reconstructed a distinct cDNA. A total of 15 peptide seeds failed to reconstruct a sequence due to the lack of read coverage in the EST database. In one single case, a chimeric EST spanning the seed sequence prevented the correct assembly.
cDNA reconstruction using SAGE data
SAGE is a technique to obtain a digital and quantitative expression profile (Velculescu et al., 1995) from eukaryotic transcriptomes. The original method typically produces 14-base tags composed of CATG (an NlaIII restriction site) and a 10-base 3 end sequence. We tested GenSeed's ability to reconstruct cDNA sequences using SAGE tags as seeds. We arbitrarily selected 10 T.gondii annotated SAGE tags available at the TgSAGEDB site (http://vmbmod10.msu.montana. edu/vmb/white-lab/newsage.htm), a public repository containing more than 300 000 tags (Radke et al., 2005) . Similarly to the previous tests (items 3.2 and 3.3), we used a T.gondii EST database. Since the seed sequences in this particular application are very short, we used stringent parameters (-i 90, -j 90 -see Quick Guide in the Supplementary Material) to guarantee that only reads presenting more than 90% identity to the seed, with an alignment block size of at least 90% of the seed length, would be selected for the reconstruction. GenSeed was able to successfully reconstruct the corresponding cDNA for all tested tags. Similarity searches against public databases, compared to the original SAGE tag annotation, confirmed the correct assembly (see Tutorial 4 and Supplementary Material in the program's website). Ten other arbitrarily chosen tags were also tested, giving similar results (data not shown). These results demonstrate the feasibility of using GenSeed for sequence reconstruction and SAGE tag mapping from fragmentary EST data.
Reconstruction of a complete extrachromosomal genome
Extrachromosomal genomes such as mitochondrial and plastid episomes can also be reconstructed using GenSeed. To validate this application, we used a database of 936 122 shotgun reads of the coccidian parasite Eimeria tenella, available in October 2007 at (ftp://ftp.sanger.ac.uk/pub/pathogens/Eimeria/tenella/genome/ reads/eimeriareads.050808.gz). Since the cytochrome b gene is a reliable mitochondrial marker, a 100-bp DNA region already available in our laboratory, and the corresponding 33-aa protein sequence, were used as seeds. E.tenella, like several other apicomplexan parasites, presents an mtDNA composed of linear molecules containing tandemly repeated 6-kb units (Dunn et al., 1998) . Using the DNA seed, GenSeed finished the mtDNA reconstruction after eight rounds. A final contig of 6807 bp was obtained, but due to the tandemly repeated nature of the mtDNA, the sequence ends were partially redundant. After manually eliminating the redundancies, a final sequence of 6213 bp was obtained (see Tutorial 5 in the program's website). This sequence was in perfect agreement with a conventional DNA sequencing performed in our laboratory using PCR-amplified mitochondrial fragments (data not shown). The same reconstructed genome was obtained with the protein seed.
DISCUSSION
This work reports the development of a seed-driven assembly algorithm and the respective implementation by the GenSeed program. Using real-life data from several sources, we tested the various potential applications of the program and showed the feasibility of the method for reconstructing sequences from fragmentary data, using a variety of seed sequences. GenSeed can extend a seed sequence either uni-or bi-directionally. If the extension process terminates in one direction because of the lack of available overlapping reads in the database, the opposite end may keep growing up. This means that, provided there is an even read coverage in the database, the method is not influenced by the starting position of the seed. In fact, we have tried to reconstruct several cDNAs using seeds located at the 5 and 3 ends, and in all cases the reconstructed sequences presented the same size (see Tutorial 3 in the program's website). The consensus sequence of the previous round is included in the assembly phase to guide the process towards the extension of the original seed sequence. Together with the seed-driven selection of the contig in each assembly step, this approach resembles hill-climbing algorithms. The general goal here is to maintain the sequence growing process climbing up the same hill, starting from the seed sequence, in order to obtain a final optimum assembly. This is particularly important to prevent repetitive sequences from leading to chimeric assemblies, which could entrap the process by artificially joining physically unrelated sequences, thus deviating it from the original hill. In the final assembly step, the consensus sequence of the last round is used to guide the assembly by default. However, the user can disable this option (parameter g) to avoid any overweighting of early consensus sequences during the final assembly process. In terms of performance, GenSeed concluded most of the reconstructions within a minute. In the case of the mitochondrial DNA, the whole process lasted from 20 min to 120 min, depending on the parameters utilized. In fact, many factors can interfere in the processing time, such as the size of the database, size of the seed sequence, final size of the reconstructed sequence and number of reads selected for the assembly steps. Two other programs that use similar concepts were described in the literature: Genotrace (Berezikov et al., 2002) and Tracembler (Dong et al., 2007) . In contrast to Genotrace, GenSeed accepts both nucleic acid and protein sequences as seeds, and uses either single or multiple seeds for the progressive assembly. In the case of multiple seeds, if two or more seed sequences grow until overlapping one another, GenSeed merges them into one single consensus sequence, which in turn is used as a seed for the next round. Compared to both Genotrace and Tracembler, GenSeed presents the following advantages: (1) uni-and bi-directional walking can be performed; (2) GenSeed keeps track of the presence of the seed sequence in each round. Genotrace and Tracembler, on the other hand, only check the presence of the seed sequence in the contigs of the final assembly step. Hence, the walking process can proceed in multiple simultaneous ways, especially when repetitive sequences are present. This may increase the computational load of the process and potentially lead to chimeric assemblies. Both Genotrace and Tracembler use NCBI's Trace Archive to retrieve the databases. Conversely, GenSeed can use any public or custom database in a simple FASTA format. This feature extends the seeddriven assembly method to a much broader application than the two aforementioned programs. We have not compared GenSeed performance or assembly accuracy with Genotracer and Tracembler. In the case of Genotrace, the program is highly customized to identify genomic organization of cDNAs using trace files from genome sequencing projects, thus restricting any comparative analysis. Tracembler, on the other hand, is designed to preferentially work as a web server program. The authors claim that the program can be used in the command line with custom databases. We have devised and validated many more applications for GenSeed than those originally proposed for Tracembler. However, given the scarce documentation available for Tracembler, we were not able to properly configure the program to run comparative tests for the many validation tests described here.
From the data presented here, and available to the reader as Supplementary Material, we conclude that seed-driven assembly is a robust and reliable method to reconstruct sequences from unassembled data. We have shown that the method works properly using seeds containing either self or orthologous sequences. Validation tests showed that GenSeed can be used to reconstruct extrachromosomal episomes, such as mitochondrial, plastid and viral genomes. Tests conducted with SAGE and proteomic data, showed that GenSeed can also be used to reconstruct cDNAs, using very short tags, with a high reproducibility. This result opens up the possibility of using GenSeed for SAGE and proteome tag mapping. In addition, the recently developed technologies of massively parallel sequencing such as the 454 platform (Roche Applied Science, Indianapolis, USA), Solexa (Illumina Inc., San Diego, USA) and SOLiD System (Applied Biosystems, Foster City, USA), yield highly redundant sets of short-length reads. Considering the huge amount of data produced by these machines, we envisage that GenSeed may become of even greater value for the reconstruction of a gene or region of interest, without the complexity and computational demands of performing a complete assembly. Concluding, GenSeed is a simple and efficient implementation that allows biologists to reconstruct sequences in a broad range of applications, especially in those cases where only fragmentary EST or genomic data is available.
